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Ultrafast dynamics across the photoinduced three-dimensional Peierls-like insulator-metal (IM)
transition in CuIr2S4 was investigated by means of the all-optical ultrafast multi-pulse time-resolved
spectroscopy. The structural coherence of the low-T broken symmetry state is strongly suppressed on
a sub-picosecond timescale above a threshold excitation fluence of Fc ≈ 3 mJ/cm2 (at 1.55-eV photon
energy) resulting in a structurally inhomogeneous transient state which persists for several-tens of
picoseconds before reverting to the original low-T state. The electronic order shows a transient
gap filling at a significantly lower fluence threshold of ∼ 0.6 mJ/cm2. The data suggest that the
photoinduced-transition structural dynamics to the high-T metallic phase is governed by first-order-
transition nucleation kinetics that prevents the complete structural transition into the high-T phase
even at excitation fluences significantly larger than Fc. In contrast, the dynamically-decoupled
electronic order is suppressed rather independently due to a photoinduced Mott transition.
Kinetics of first order phase transitions (PTs) are im-
portant both from the point of view of applications as
well as fundamental science. For example, the control
of kinetics during the transformation of various forms
of steel [1] is used to tailor its microstructural and me-
chanical properties. An example of interesting funda-
mental physics which is related to first order PT kinet-
ics is inflation of the early universe, where a supercooled
metastable system transforms via droplet nucleation into
the Higgs-field broken-symmetry state [2]. Ultrafast first-
order insulator-metal phase transitions in solids have also
attracted a great deal of attention [3–22] with strong
focus on VO2 [3, 5, 7, 8, 12, 13, 15, 21, 22], V2O3
[14, 17, 18, 20] and 1T-TaS2 [6, 11, 19, 23, 24]. There
are however still many open questions how the inher-
ent first-order meta-stability manifests itself when phases
with concurrent electronic and lattice orders are driven
across the first-order phase boundary on ultrafast time
scales.
In VO2 for example, the change of the low-T electronic-
order-induced monoclinic lattice potential is believed to
be rather abrupt [7, 8, 21] with a sub-picosecond V-
V dimerization suppression suggesting that the high-T
metallic rutile (MR) phase symmetry is restored1 on a
∼ 100-fs timescale. This is contrasted by recent ob-
servation of an additional transient metastable mono-
clinic metallic (MM) phase in a significant fraction of
the polycrystaline sample grains [22]. The presence of
the MM phase suggests that the electronic and lattice
orders can be transiently decoupled and the emergence
of the MR lattice structure is somehow inhibited. The
reason for the inhibition is not known, but the inherent
first-order metastability due to the surface energy cost of
1 Albeit with a high degree of disorder [21]
the monoclinic-rutile phase boundary could render the
monoclinic lattice structure metastable.
In V2O3, on the other hand, the inherent first-order
meta stability clearly plays a determining role with
the nucleation and growth kinetics of the metallic nan-
odroplets governing the dynamics across the first-order
IM phase transition [14, 20]. The importance of the nu-
cleation and growth kinetics was noted also in a first-
order ultrafast charge-density-wave phase transformation
in 1T -TaS2 [23, 24].
An interesting opportunity for studying the ultrafast
first-order IM phase transition [25] kinetics is offered
in the spinel-structure CuIr2S4 compound that shows a
rather unusual, presumably orbitally-driven, [26] three-
dimensional Peierls-like IM transition. Upon cooling the
metallic2 cubic (MC) phase of CuIr2S4 undergoes a first
order transition to a triclinic [28, 29] insulating (TI)
phase at TIM ∼233 K. The TI phase is characterized
by Ir3+:Ir4+ charge disproportionation accompanied with
Peierls-like dimerization of Ir4+-ion pairs along a set of
cubic 〈110〉 and 〈−110〉 Ir-ion rows alternating along the
corresponding 〈001〉 direction [see Fig. 1 g) ]. Despite the
involvement of the Ir-5d orbitals the correlation effects
seem not to play a major role in the transition [26, 30, 31]
contrary to V2O3 and VO2.
The CuIr2S4 is interesting also due to the low temper-
ature (LT) X-ray- and visible-light-induced disordered
conducting phase [34–39] with persistent dimerization
[34, 39], but suppressed long range order. Motivated
also by the single-femtosecond-optical-pulse induced IM
transition to the long-lived hidden conducting state in
1T -TaS2 [11] we performed a systematic multi-pulse all-
optical investigation of the transient reflectivity relax-
2 Resistivity in the range of a few mΩcm at room T . [27]
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Figure 1. a) Fluence-normalized transient reflectivity as a function of the P-pulse fluence in the low-T IM phase. A high-T MC-
phase trace (T = 245 K) is shown on top for comparison. Due to the normalization the absence of changes at low FP indicates
linear scaling with FP. The traces are vertically offset for clarity and the thin lines correspond to the displacive-excitation
coherent-phonon model fit (see SM [32]). b) The low-FP transient reflectivity before and after exposure at the highest FP. c),
d) P-fluence dependence of the picosecond exponential component parameters (see text and SM [32]). The black dashed line
is the extrapolation of the low F behavior. e) The effective temperature (see text and SM [32]) obtained from the frequency
shifts of the two strongest coherent modes as a function of the P fluence. The vertical and horizontal dashed lines in d) and
e) correspond to Fce, Fc and TIM, respectively. f) Schematics [33] of the CuIr2S4 structure in the high-T metallic phase. The
different sets of Ir-ion rows along the 〈110〉 or 〈−110〉 cubic directions are indicated by the differently colored bonds. g) In
the low-T insulating phase one set of rows undergoes Peierls distortion with the Ir4+ dimers (red dumbbells) interleaved with
Ir3+-ion pairs (green). The compasses indicate basis orientations while the black lines indicate the high-T cubic unit cell. The
Cu ions are omitted for clarity.
ation dynamics and coherent phonon response [40] in
CuIr2S4 single crystals as a function of excitation fluence.
The observed transient reflectivity dynamics indicates
that the ultrafast structural dynamics to the high-T
metallic phase in CuIr2S4 is dominated by the first-order-
transition nucleation kinetics that prevents the complete
structural transition into the high-T phase even at exci-
tation fluences a few times larger than Fc. Concurrently,
the dynamically-decoupled electronic order is suppressed
rather independently on a sub-picosecond timescale.
The LT quasi-equilibrium transient reflectivity in the
TI phase is dominated by the low-frequency broken-
symmetry-induced coherent-phonons response that dis-
continuously vanishes across the equilibrium IM transi-
tion. [40] The coherent response can therefore be used
as a time-resolved probe for the broken-lattice-symmetry
dynamics in the strongly excited TI phase. [8, 41]
This can be done by means of our advanced multi-pulse
method [41], where we use a strong destruction (D) laser
pulse to initiate a photoinduced transition and probe the
subsequent evolution by means of a weaker pump- (P)
probe (Pr) pulses sequence (see Supplemental Material
(SM) [32] for details).
Results - The existence of an ultrafast photoinduced
transition is established from the pump fluence, FP, de-
pendence of the standard two-pulse transient reflectiv-
ity, ∆R/R, in the IT phase at T = 9 K shown in Fig.
1 a). The previously characterized [40] coherent oscil-
lations scale almost linearly with increasing FP up to
Fc ∼ 3 mJ/cm2. Above Fc the coherent oscillations ap-
pear strongly suppressed and the signal becomes dom-
inated by the sub-ps relaxation component that starts
to emerge from the coherent components already above
Fce ∼ 0.6 mJ/cm2. The suppression of the coherent
oscillations is not as abrupt as in the equilibrium case
due to the finite-optical-penetration-depth induced ex-
citation inhomogeneity. No irreversibility was observed
after achieving the highest FP as shown in Fig. 1 b).
3Surprisingly, the high-F transient reflectivity shows a
different sign and relaxation time than the high-T MC
state at a comparable FP [see Fig. 1 a) and SM [32]]
suggesting that the highly excited state cannot be asso-
ciated with the high-T MC state. A further insight into
the unusual highly excited transient state was therefore
obtained from multi-pulse experiments where the highly
excited state created by the strong D pulse is probed by
the P-Pr pulse sequence.
The multi-pulse transient reflectivity, ∆R3/R, [32] at
FD = 6.8 mJ/cm2, well above Fc, is shown in Fig. 2
a) for different D-P delays, tDP = tP − tD. At short
tDP, the multi-pulse transient reflectivity resembles the
2-pulse transient reflectivity of the LT IT state around
FP ∼ Fc, but, with much strongly damped coherent os-
cillations and a different slope on the long P-Pr delays,
tPPr. After tDP ∼ 5 ps the coherent oscillations start to
gradually reemerge also on longer tPPr.
The initial coherent-oscillations amplitudes obtained
from the fits3 [see Fig. 2 g)] do not appear suppressed
even immediately after the D pulse. The damping fac-
tors, however, [see Fig. 2 f)] exceed the equilibrium value
[40] of ∼ 0.01 THz by up to two orders of magnitude re-
covering by an order of magnitude on a ∼ 100 ps tDP
timescale. Just before the arrival of the subsequent D
pulse after 5 µs the damping is reduced close to the equi-
librium state value4 indicating that the LT IT state is
completely recovered; together with the electronic order
as indicated by Adispl and τdispl [Fig. 2 c) and d)]. The
behavior is similar also at increased FD = 8.1 mJ/cm2
albeit with slower recovery. [32]
The suppression of the coherent oscillations is delayed
with respect to the D pulse for ∼ 0.6 ps [see inset to
Fig. 2 a)] which is comparable to the slowest coherent
oscillations periods. The suppression time, however, does
not depend on the small changes of the tDP delay [32].
To check for existence of any long-lived metastable
infrared-light induced state a set of single-strong-pulse
experiments was also performed. No long-lived changes
of the transient reflectivity was found. However, a change
of the pump scattering background was observed on a
time scale of minutes. [32]
Discussion - We first focus on the destruction of the LT
IT state taking the T -dependent frequencies of the two
strongest coherent modes [40] O1 and O2 at 1.86 THz and
2.34 THz, respectively, as proxies for the lattice temper-
ature after the photoexcitation. The effective tempera-
tures obtained from these frequencies [see Fig. 1 e)] reach
TIM at a fluence that is close to Fc. This indicates that
the coherent LT IM lattice distortion is suppressed only
after the lattice degrees of freedom are heated close to
3 See SM [32] for details.
4 At a higher T than the cryostat base T = 9 K.
TIM. This is consistent with the absorbed energy density
at Fc, which is comparable to the equilibrium internal
energy density difference between the high-T MC phase
at T ∼ TIM and the LT IT phase at T ∼ 100 K5. [32]
The coherent-oscillations suppression delay of ∼ 0.6 ps
can be therefore attributed to the photoexcited-electron
- lattice energy relaxation time.
The nonlinearities of the exponential (sub)picosecond
transient-reflectivity component with increasing FP indi-
cate that the the electronic ordering is affected at much
lower excitation densities than the lattice degrees of free-
dom. The amplitude, Adispl, and the relaxation time,
τdispl,6 of the subpicosecond exponential relaxation com-
ponent [see Fig. 1 d) and (c)] show a change in behav-
ior below FP ∼ 1 mJ/cm2 with the onset at Fce ∼ 0.6
mJ/cm2. The drop of τdispl to ∼ 200 fs indicates that
the gap-induced bottleneck [40] is suppressed above Fce
already. However, Adispl does not show a saturation as
in the case of superconductors and charge density waves,
[42] suggesting that the gap is not completely suppressed,
but just washed-out. This can be attributed to a sub-
picosecond transient suppression of the electronic charge
ordering due to a Mott transition. The estimated pho-
toexcited carriers density at Fce is of the order of 1020
cm−3 [32] resulting in the plasma frequency of the or-
der of eV that exceeds the insulating gap, ∆I ∼ 0.15 eV
[43], by an order of magnitude. A similar decoupling of
the electronic and lattice orders on a short timescale has
been previously observed in TiSe2. [44]
Turning to the highly excited transient state, the
multi-pulse experiments clearly confirm that even at
FD ∼ 8 mJ/cm2 the excited volume does not switch into
the high-T MC state despite the large absorbed energy
density that exceeds more than two times7 the equilib-
rium internal-energy density difference between the high-
T MC state just above TIM and the initial LT IT state.
The presence of the strongly damped broken-symmetry
[40] coherent oscillations with appreciable initial ampli-
tude in the transient state indicates that the local lat-
tice symmetry remains broken, but with strong dephas-
ing due to disorder. This state cannot be characterized
as a super-heated and/or pressure-stabilized8 IT phase
since the damping is much larger [32] than the extrapo-
lated damping from the quasi-equilibrium behavior [40]
below TIM. The ultrafast destruction of the LT IT phase
5 The initial state T at tDP ∼ 5 µs is estimated from the coherent
mode frequencies as explained in SM [32].
6 Obtained from displacive-excitation coherent-phonon model fits
discussed in SM [32] and Ref. [40].
7 Fc is exceeded within the full optical penetration depth.
8 Application of pressure stabilizes the LT IT state [45] and the
surrounding bulk LT IT phase has & 0.7 % larger density [46]
relative to the MC phase so a thin surface layer of the excitation
induced MC phase would be compressed even after a relaxation
of the initial strain.
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Figure 2. a) Multi-pulse transient reflectivity, ∆R3/R, as a function of the delay between the D and P pulses, tDP. The
arrow at the tDP = 5 µs scan indicates the arrival of the subsequent D pulse. The top-most trace, shown for comparison,
corresponds to the quasi-equilibrium MC-phase transient reflectivity. The traces are vertically offset for clarity and the thin
lines in both panels correspond to the displacive-excitation coherent-phonon model fit (see SM [32]). The inset shows the
5-µs trace expanded around the D-pulse arrival time. b) The density plot of the corresponding Fourier-transform spectra.
The horizontal lines correspond to the equilibrium frequencies. c), d) The picosecond exponential component parameters as a
function of tDP. e) - f) Selected coherent modes fit parameters as a function of tDP. The effective temperature in e) is obtained
from the strongest two coherent modes frequency shifts.
therefore leads to a transient state that is different from
both equilibrium phases. The state persists for several
tens of picoseconds before relaxing back to the LT IT
phase.
According to the classical kinetic theory of first or-
der phase transitions [47] the formation of a stable phase
from a metastable one proceeds through formation of
macroscopic droplets that grow deterministically only if
their radius exceeds9 a critical radius, Rc. The nucle-
ation of the droplets with R > Rc is a stochastic process
driven by fluctuations or tunneling, the later being pro-
posed for the broken-symmetry-state droplet formation
in the supercooled early universe [2]. In the present case
the excitation density is sufficiently high that the tunnel-
ing does not play any role.
The observed transient state could, therefore, be un-
derstood in this context where the fluctuating droplets of
the high-T MC phase introduce strong disorder into the
triclinic phase matrix, but fail to reach the critical size or
their growth is too slow to reach the MC phase before the
9 Due to the surface energy cost.
heat diffusion spreads the absorbed energy across a larger
volume recovering the stability of the triclinic phase.
The introduced disorder is reflected also on a long
timescale where excitation by a single intense pump pulse
results in the slow changes of the pump scattering inten-
sity indicating that the LT IT phase domain structure
[48] is still relaxing on the timescale of minutes.
Putting our results into the context of the previously
reported LT metastable disordered conducting phase [34–
39, 49] we do not observe any long lived transient reflec-
tivity changes after a quench as well as after longer ex-
posures at weak excitations [40]. The emergence of the
disordered conducting phase is absorbed dose dependent,
[35, 39, 49] but the threshold dose was reported only for
the case of ion irradiation. [49] Assuming that the only
relevant parameter is the absorbed energy density10 the
equivalent optical dose is achieved on a few ms timescale
already at the lowest pump fluence, FP = 200 µJ/cm2.
10 The photon energy (1.55 eV) in our case is much larger than the
optical gap so the photoinduced carriers that presumably induce
the metastable conducting phase are created in both cases.
5It is therefore very likely that in the present experiment
the initial state is not the pristine IT phase, but the dis-
ordered conducting triclinic state.
Comparing CuIr2S4 with VO2 and V2O3 we observe
similarities, but also differences. All three compounds
show transient intermediate states with suppressed gaps
[12, 13, 17, 18] that are structurally distinct from the
high-T metallic phases suggesting a transient decoupling
of the structural and electronic orders. The decoupling in
both oxides has been attributed to the correlation effects
[13, 17]. In our case, however, the effect can be attributed
to a photoinduced Mott transition.
The timescales of the structural transitions are quite
different. In VO2 the transition is abrupt11 [21, 22] while
V2O3 [18, 20] and CuIr2S4 show first-order kinetics bot-
tlenecks which limit the dynamics. In this context it is
worth noting that the lattice volume change at the equi-
librium IM transition is the smallest12 [32] in VO2 sug-
gesting a smaller inter-phase-boundary energy cost en-
abling easier nucleation of the rutile phase droplets.
Conclusions - We performed a systematic ultrafast
multi-pulse transient reflectivity investigation of CuIr2S4
as function excitation fluence motivated by the search
for possible hidden transient and metastable states in
systems exhibiting first-order transitions.
At strong excitations the low-T broken-symmetry co-
herent oscillations are suppressed above the threshold ex-
citation fluence Fc ∼ 3 mJ/cm2. The coherent phonon
frequency shifts indicate that the lattice degrees of free-
dom are transiently heated close to the equilibrium TIM
on a sub-picosecond timescale at Fc. The nonlinearities
in the picosecond exponential transient reflectivity com-
ponent observed at a significantly lower fluence suggest
that the electronic order is decoupled form the lattice
and transiently suppressed on a short timescale already
above Fce ∼ 0.6 mJ/cm2 .
Well above Fc a transient state is observed, lasting tens
of picoseconds, that is quite different from both the low-T
and high-T phases. The multi-pulse transient reflectiv-
ity data suggest that the transient state corresponds to
a mixture of the emerging high-T cubic phase droplets
embedded into a gapless strongly structurally-incoherent
low-T triclinic phase. The data indicate that the struc-
tural dynamics across the ultrafast insulator-metal tran-
sition in CuIr2S4 is governed by a classical [47] nucleation
bottleneck.
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